A short nontechnical review of the El Niño-Southern Oscillation (ENSO) phenomenon and the associated teleconnections to higher latitudes is given. ENSO has been shown to be predictable to some degree for over a year ahead, which therefore provides a basis for skillful prediction of interannual variations in climate. The processes involved are emphasized in order to highlight the areas where future research may most profitably be directed to improve climate forecasts. This progress has been realized through the successful completion of the Tropical Oceans Global Atmosphere (TOGA) Program of the World Climate Research Program (WCRP), which has established and maintained the TOGA Observing System, developed coupled atmosphere-ocean models of the tropical Pacific Ocean, demonstrated the predictive capabilities noted above, and conducted field programs to further the understanding of physical processes. Future research will take place in the context of a developing infrastructure associated with operational climate forecasts. Short-term climate variability involves much more than ENSO, and the challenge is to also capitalize on long timescales associated with anomalies in other parts of the climate system and any additional predictability that goes beyond simple persistence and build this into any prediction scheme. The international framework for helping to facilitate future research is CLIVAR-GOALS, the WCRP program on climate variability and predictability, and the subprogram on the Global Ocean-Atmosphere-Land System. The research challenges are many, but the prospects are excellent for making further advances and the potential is high for socioeconomic benefits for many countries. Turning skillful but uncertain forecasts into useful information and beneficial decisions represents a particular challenge, so that collaboration will be required between the physical scientists and scientists from the applications and social science communities.
Introduction
The understanding of seasonal and interannual variations in climate has made enormous strides over the past decade or so. This progress has been catalyzed by Tropical Oceans Global Atmosphere (TOGA) Program of the World Climate Research Program. The latter was established as a decadelong program beginning in 1985 to explore the variability and predictability of the global atmosphere associated with variations in the tropical oceans as seen by the atmosphere through the changes in sea surface temperatures (SSTs). The primary example is the El Niño (EN) phenomenon in the tropical Pacific Ocean and the associated Southern Oscillation (SO) in the atmosphere, which together are responsible for ENSO, the variations in the tropical Pacific involving coupling between the atmosphere and ocean that have ramifications throughout the world. The TOGA program ended up focusing on ENSO and has generally achieved its objectives, so that it is widely judged as having been very successful, thereby justifying the focus. A short review of some aspects of the TOGA program and how it developed is given by Halpern (1996) .
TOGA has led to the development of a new capability for observing and reporting on the surface and upper ocean and atmospheric conditions as they happen, methods of analysis and diagnosis, publication of various kinds of ongoing assess-ments in bulletins and various media, and the development of models that can replicate ENSO with varying degrees of verisimilitude and that can be used for prediction along with various statistical techniques. A new depth of understanding of the ENSO phenomenon has been achieved. One key result from TOGA has been the demonstration that the coupled tropical Pacific is to some degree predictable up to at least a year in advance. Thus TOGA initiated experimental predictions of ENSO fluctuations.
It is well established that there is a limit to the predictability of daily weather events of about two weeks owing to the mathematical phenomenon, now known as "chaos," in which small uncertainties in the analysis of current weather conditions rapidly grow and eventually become large enough to render the forecast worthless. This essentially random error component is overcome in climate forecasts by predicting only the statistics of the weather, that is, the climate. Therefore, if a prediction is to be made using a realistic model, an ensemble of climatic simulations is generally desirable to clearly establish which climatic signals are reproducible and thus predictable with the model. Climate predictability is a function of spatial scales, and natural atmospheric variability is enormous on small scales. Consequently, as smaller regions are considered, the noise level of natural variability will mask an ENSO signal more.
The scientific challenge is to capitalize on our understanding of ENSO and make seasonal predictions of the mean and variability of temperatures and rainfalls and how the risk of extremes changes. The heritage of TOGA provides an incentive for building infrastructure to capitalize on these beginnings because of the great potential for socioeconomic benefits in many countries. This is now being done within many countries, as well as multinationally via the International Research Institute (IRI) for seasonal-to-interannual climate prediction. 1 An important point to note, however, is the word "research" in the title of this budding institute, as it is clear that much more needs to be done to make predictions really useful and to know how to use the somewhat uncertain information most profitably.
This article briefly outlines the progress that has been made, the nature of ENSO and the physical connections between the tropical Pacific and the rest of the world, the issues involved in exploiting the knowledge and in developing it further, and the programs already underway to continue the progress. Section 2 briefly outlines the ENSO phenomenon that provides the main basis for predictability on interannual timescales, and section 3 elaborates on those aspects related to the teleconnections around the world and the degree to which extratropical variations may be predictable. Section 4 describes the developing infrastructure that is a consequence of the progress made thus far and that is important to recognize as a base for future research. Section 5 briefly outlines the followon research programs to TOGA, while section 6 picks up on some of the research needed to move ahead and the need to expand activities well beyond the physical sciences to include applications and social science communities.
ENSO
Most of the interannual variability in climate in the Tropics and a substantial part of the extratropical variability is related through the El Niño phenomenon. The following is a very brief description of the ENSO phenomenon. Many more details are available in texts such as Glantz et al. (1991) , Philander (1990) , and Trenberth (1996) . The main overall concept is captured by the schematic in Fig. 1 (see also NAS 1986) . This illustrates the essence of the ENSO phenomenon as arising from the coupling between the atmosphere and the tropical Pacific Ocean, the effects on the tropical atmosphere, and the teleconnections to higher latitudes. Interannual variations in short-term climate occur as a consequence of this natural coupling in which the tropical winds drive the ocean currents and determine the SSTs, which in turn determine the location and activity of tropical convection, which FIG. 1. Schematic of the coupling between the tropical Pacific Ocean and the global atmosphere that is the essence of ENSO and was the basis for the TOGA Program. Surface winds in the tropical Pacific drive ocean currents, and through changes in upwelling and advection alter the SSTs, which redistribute the favored regions for organized large-scale tropical convection. The associated latent heating in the tropical rainfall drives large-scale atmospheric overturning and thus alters the atmospheric circulation, reinforcing the local wind changes and altering global patterns through teleconnections. Adapted from a figure in NAS (1986). brings about changes in the global atmospheric circulation and reinforces the original perturbation in the tropical Pacific, as explained further below.
The term El Niño, originally applied to an annual weak warm ocean current that ran southward along the coast of Peru about Christmastime (hence Niño, Spanish for "the boy Christchild"), only subsequently became associated with the intermittent unusually large warmings. The coastal warming, however, is often associated with a much more extensive anomalous ocean warming to the international date line (180°), and it is this Pacific basinwide phenomenon that forms the link with the anomalous global climate patterns, in large part through the SO.
ENSO is a natural phenomenon and there is good evidence from cores of coral in the tropical Pacific and glacial ice in the Andes that it has been going on for millenia. The ocean and atmospheric conditions in the tropical Pacific are seldom average, but instead fluctuate somewhat irregularly between El Niño events and the opposite La Niña ("the girl" in Spanish) phase consisting of a basinwide cooling of the tropical Pacific, with a preferred period of about 3-6 yr. The most intense phase of each event usually lasts about a year.
A distinctive pattern of SSTs in the Pacific Ocean sets the stage for ENSO events. Key features are the "warm pool" in the tropical western Pacific, where the warmest waters in the world's large ocean basins reside, much colder waters in the eastern Pacific, and a cold tongue along the equator that is most pronounced about October and weakest in March. The center of the warm pool migrates with the sun northward and southward across the equator, but the distinctive patterns of SSTs are brought about mainly by the winds.
The atmospheric easterly trade winds in the Tropics pile up the warm waters in the west, producing an upward slope of sea level along the equator of 60 cm from east to west. The winds drive the surface ocean currents that determine where the surface waters flow and diverge. Thus cooler nutrient-rich waters upwell from below along the equator and western coasts of the Americas, favoring development of tiny vegetable and animal organisms (phytoplankton and zooplankton) and thus many species of fish.
Gradients in SST are imposed on the lower atmosphere and so become reflected in surface pressure gradients that drive winds to converge toward warmer waters. Increased atmospheric moisture provides fuel for convection and thunderstorms that preferentially occur over warmer waters, so that it is the pattern of SSTs that determines the distribution of rainfall in the Tropics. This in turn determines the atmospheric heating patterns through the release of latent heat. The heating drives the largescale monsoonal-type circulations in the Tropics and, consequently, determines the winds. This strong coupling (Fig. 1) between the atmosphere and ocean in the Tropics gives rise to interannual variations known as the El Niño phenomenon.
During El Niño, the warm waters from the western tropical Pacific migrate eastward as the trade winds weaken, shifting the pattern of tropical rainstorms, further weakening the trade winds, and thus reinforcing the changes in SSTs. Sea level drops in the west but rises in the east by as much as 25 cm, as warm waters surge eastward along the equator. However, the changes in atmospheric circulation are not confined to the Tropics but extend globally and influence the jet streams and storm tracks in midlatitudes (section 3).
Although no two events are alike, the ENSO events clearly identifiable since 1950 occurred in 1951, 1953, 1957-58, 1963, 1965, 1969, 1972-73, 1976-77, 1982-83, 1986-87, and 1990-95 . The duration of the recent event is unprecedented in the past 120 years (Trenberth and Hoar 1996) , although it is sometimes considered to have been three short events juxtaposed. Conditions returned to close to average by July 1995. The biggest event on record occurred in 1982-83 and SSTs and SST anomalies for that event are shown in Fig. 2 . In this exceptional case, warm waters above 28°C spread eastward across the Pacific.
For typical El Niño conditions, higher than normal sea level pressures over Australia, Indonesia, southeast Asia, and the Philippines signal drier conditions or even droughts (Fig. 3) . Dry conditions also prevail in the Hawaiian Islands and extend westward from Australia to parts of Africa and across the Atlantic to the northeast part of Brazil and Colombia. Excessive rains prevail over the central and eastern Pacific, along the west coast of South America, parts of South America near Uruguay, and southern parts of the United States in winter. However, many of the features depicted in Fig. 3 often only occur during some seasons. In the winter of 1994-95, heavy rains also occurred in southern California. Rainfall over Peru and Ecuador can temporally transform the desert into lush growth and benefit some crops. Human health is affected in many of the tropical countries influenced by ENSO by mosquito-borne infectious diseases, including malaria, dengue, and viral encephalitis, and through water-borne illnesses such as cholera (Patz et al. 1996) .
Changes in oceanic conditions have disastrous consequences for fish and sea birds and thus for the fishing and guano industries along the South American coast. Warmerthan-normal conditions in the Pacific extend into the western parts of Canada, although in New Zealand cooler conditions are favored. Because of the changes in atmospheric circulation throughout the Tropics, there is a decrease in the number of tropical storms and hurricanes in the tropical Atlantic during ENSO. Thus the return to normal Pacific conditions in the summer of 1995 helped to unleash a bonanza crop of devastating tropical storms affecting Bermuda, the east and Gulf coasts of the United States, and many Caribbean islands. Economic impacts of El Niño can be large, with losses typically overshadowing gains, and the disruption of normal patterns can bring widespread human suffering.
Approximately reverse patterns occur during the La Niña phase of the phenomenon. The La Niña Cold Event in 1988-89 has been linked to the extensive, severe, and persistent 1988 North American spring-summer drought, as well as major climate anomalies elsewhere over the globe (Trenberth and Branstator 1992) .
Although the El Niños and La Niñas are often referred to as events, research developments during TOGA emphasized the quasi-cyclic nature of the phenomenon. The ocean, as a source of moisture and with enormous heat capacity, acts as the flywheel that drives the system through its memory of the past, resulting in an essentially self-sustained sequence in which the ocean is never in equilibrium with the atmosphere. The vigorous dynamics of the tropical Pacific Ocean are manifested by several zonal currents running either eastward or westward in close proximity, and through pervasive eastward propagating waves confined to the equatorial region (known as equatorially trapped Kelvin waves) and westward propagating Rossby waves within the ocean as it adjusts to changes in wind forcing. These phenomena participate in redistributing, depleting, and restoring the amount of warm water in the Tropics during an ENSO cycle so that a major part of the onset and evolution of the events is determined by the history of what has occurred one to two years previously. This means that the future evolution is to at least some degree predictable for several seasons or more in advance, and the predictability is much more than arises simply from persistence.
These aspects have been captured in models, in particular in so-called intermediate models in which the background climatology is specified (Zebiak and Cane 1987) . Lead times for predictions in the Tropics of up to about a year have been shown to be practicable in other models too (Latif et al. 1993; Ji et al. 1994) . The useful lead times can apparently be extended in the Cane-Zebiak model by another six months or more if the atmosphere-ocean system is initialized with observations of the atmosphere and ocean using a data assimilation procedure that preserves the coupling relationship between the two components (Chen et al. 1995) .
3.Interactions of the Tropics with the extratropics
While there are certain common aspects to ENSO events in the Tropics, the effects at higher latitudes are more variable. Large influences, such as wave trains propagating out of the Tropics (e.g., see Fig.  6 , presented later), can be seen in individual events. However, the statistical reproducibility of these is poor when the events are stratified solely according to whether there is an ENSO taking place. ENSO can produce a variety of structures in the Tropics, and each of these may induce a different reaction in higher latitudes. Furthermore, internally generated midlatitude variability may overwhelm the signal from the Tropics. A comprehensive review of the extratropical links with ENSO has been given by Trenberth et al. (1997) , and the following summary leans heavily on that work.
The primary source of the ENSO phenomenon is in the tropical Pacific. The observed global influences arise from teleconnections as the atmosphere transmits the influence of anomalous heating in the Tropics into changes in large-scale overturning and thus in anomalous winds in the atmosphere ( Convection is apt to break out over warmer water with anomalous low-level convergence and upper tropospheric divergence so that there is outflow that is affected by the rotation of the Earth in such a way as to set up Rossby waves emanating to higher latitudes, as given in Fig. 6 . sive convection in the Tropics. Generally, OLR values less than about 240 W m −2 indicate convection in the Tropics. Note how the anomalous convection has followed the anomalous SSTs (Fig. 2) into the equatorial central Pacific, while much drier conditions occur in the Indonesian region and to the north and south of the anomalous convection. The dry ENSO influence in northeast Brazil can also be clearly seen in Fig. 5 .
The upper tropospheric divergent outflow provides a forcing for Rossby waves in the atmosphere (Sardeshmukh and Hoskins 1988) that propagate into the extratropics (Fig. 6 ). It does this through the action of the Coriolis force on the outflow and, together with the advection of the Earth's vorticity by the anomalous divergent flow, helps set up an anticyclonic forcing and thus an anomalous Rossby wave component (Rasmusson and Mo 1993) . In the vicinity of the tropical heating the response often takes the form of a pair of anomalous upper tropospheric anticyclonic eddies that straddle the equator. The Rossby waves that emanate from these eddies can vary in wavelength and location according to the exact nature and scale of the forcing. For December 1982-February 1983 these are indicated in Fig. 7 by the anomalous streamfunction field (note this figure does not indicate the actual wave structure, as the background flow is subtracted). In the extratropics, the geopotential height field (not shown) also depicts wave trains with negative 300-mb 3-month-aver- . The anomalies larger than ±15 and 30 W m −2 are shaded (positive, e.g., over Indonesia) and stippled (negative, e.g., over the central Pacific).
FIG. 6. Schematic view of the dominant changes in the upper
troposphere, mainly in the Northern Hemisphere, in response to increases in SSTs, enhanced convection, and anomalous upper tropospheric divergence in the vicinity of the equator (scalloped region). Anomalous outflow into each hemisphere results in subtropical convergence and an anomalous anticyclone pair straddling the equator, as indicated by the streamlines. A wave train of alternating high and low geopotential and streamfunction anomalies results from the quasi-stationary Rossby wave response (linked by the double line). In turn this typically produces a southward shift in the storm track associated with the subtropical jet stream, leading to enhanced storm track activity to the south (dark stipple) and diminished activity to the north (light stipple) of the first cyclonic center. Corresponding changes may occur in the Southern Hemisphere. (From Trenberth et al. 1997.) SST anomalies is to move the location of organized convection. The second-order effect is to change the character and intensity of the convection. Both effects lead to large anomalies in atmospheric heating primarily through latent heat release in precipitation, although radiative effects of clouds (cloud radiative forcing) are also substantial. The spatial extent of the anomalous heating can vary considerably. In these respects, differences among the various ENSO events are highly significant and are apparent in the OLR field in the Tropics (e.g., Fig.  5 ) where the average response to SST anomalies can be considered to be fairly direct.
The source of the Rossby waves that propagate to higher latitudes is also determined by the descending branch of overturning, often in the local Hadley circulation, as this alters the upper tropospheric subtropical convergence. The climatological stationary planetary waves and associated jet streams, especially in the Northern Hemisphere, can make the total Rossby wave source somewhat insensitive to the position of the tropical heating that induces them and thus creates preferred teleconnection response patterns, such as the Pacific-North American (PNA) pattern, which is the most prominent such pattern.
Another major factor in the extratropics arises from differences in the medium through which the forced Rossby waves are propagating. These differences arise from the changing seasons and the location of the forcing relative to the background climatological planetary waves. Influences on the propagation of Rossby waves through the atmosphere include zonal asymmetries, transient synoptic weather systems, and baroclinic effects. Internal midlatitude sources can amplify perturbations. In addition, a random component arises from weather and related natural chaotic variations in the extratropical circulation that dominate the circulation regime. Accordingly, the rather small influence from the tropical forcing can only be reliably seen in the extratropics if an average is taken over many synoptic events. The natural variability is therefore a form of noise and is unpredictable, while the signal is regarded as potentially predictable and thus reproducible in a good model. Accordingly, ensembles of atmospheric general circulation model (AGCM) runs and time averaging are needed to identify signals and for making predictions.
Changes in the extratropical atmospheric circulation immediately begin to change the jet stream and the associated storm tracks, so that the heat and vorticity fluxes by the transient eddies in the extratropics are also changed. The impact of these secondary changes, however, can be as large or larger than the influence of the original tropical forcing. Fortunately, some of these influences appear to be fairly systematic (Fig. 6) , although differing considerably regionally according to the climatological background flow. Observations, modeling, and theory have shown how storm tracks change in response to changes in quasi-stationary waves and how these changes generally feedback to maintain or strengthen the dominant perturbations through vorticity and momentum transports. It is therefore possible to parameterize many of the effects of the changes in stormtracks (Branstator 1995) .
In spite of the very large natural variability of the extratropical circulation, there exist certain preferred regimes where more persistent flow patterns recur, presumably associated with the distribution of land and sea and the climatological planetary waves. Palmer (1993) and Molteni et al. (1993) suggest that one role of tropical SST forcing is to alter the frequency of occurrence and stability of certain preexisting regimes but with only minor changes in the regimes themselves. Thus, preferred teleconnection patterns such as the PNA pattern may be excited, and this helps explain why the response to tropical SSTs can be highly nonlinear, such as found by Geisler et al. (1985) .
Finally, the response of the extratropical atmosphere naturally induces changes in the underlying surface, so that there are changes in extratropical SSTs and changes in land-surface hydrology and moisture availability that can feedback and influence the total response. Land-surface processes are believed to be especially important in spring and summer. All of the above processes play a role in determining the variability and its predictability in the extratropics.
The developing infrastructure
At the National Oceanic and Atmospheric Administration (NOAA), an operational program has been developed called the Seasonal to Interannual Climate Prediction Program (SCPP). The latter has grown out of the TOGA program and includes a number of components (Fig. 8 ). An operational observing system has been developed. Here the term operational refers not necessarily to the transitioning of the system to an operational agency or NOAA line organization (such as the National Weather Service or the National Oceanographic Survey) but merely that the infrastructure exists to sustain an ongoing commitment to making the necessary observations. An example is the TOGA observing system and, in particular, the TOGA TAO (Tropical Atmosphere-Ocean) array of moored buoys in the tropical Pacific, as outlined by Hayes et al. (1991) and McPhaden (1993 McPhaden ( , 1995 . The latter is maintained by a multinational group spearheaded in the United States by the Pacific Marine Environmental Laboratory (PMEL). There are many other examples.
The flow of information begins with basic observations, many of which are telemetered to user sites via satellite links and through the Global Telecommunications System. The TOGA Program emphasized the importance of real-time reporting of climate observations. The observations are assembled and quality controlled, and then all the observations of one or more variables are analyzed into spatial fields, often in conjunction with operation numerical weather prediction. Commonly this results in maps or gridded fields of one or more variables. There are always assumptions, approximations, extrapolations, and/or interpolations involved, as well as some kind of model, whether statistical or physically based, to produce these fields. The most complex physically based model is a full model of the climate system, or perhaps a component of it, such as an AGCM that is used as an integral part of a four-dimensional data assimilation (4DDA) process. In 4DDA the model is initiated from previous analyses, and a forecast is made of the state of the fields at the time of interest; the forecast fields are then combined in a statistically optimal way with all the new observations to produce a dynamically and physically consistent set of fields. This means that the error characteristics of the forecast must be known and accommodated, and the analysis is multivariate and takes into account the dynamical relationships among the climate variables and their spatial and temporal scales of variability. Similar methods are now being applied in the ocean (Ji et al. 1995) .
With the analyzed fields in hand, a synthesis is made of what all the fields together imply for the current situation, and use is made of these fields for climate monitoring and to provide an initial climate state for a prediction using some kind of model, whether purely statistical, dynamical, or some combination. Finally, an overall assessment may be made of all the information on the situation at the current time, resulting in the issuance of an advisory and/or a forecast and possibly an impact statement for up to a year in advance, which FIG. 8. "Meatball" diagram showing the functional relationships within the seasonal-to-interannual climate prediction program of observations, modeling and prediction, research, and assessments. could be followed by various actions. In addition, the original observations and various products generated along the way must be archived and made available to various users.
Any future research program is built upon this rapidly developing infrastructure and the operational activities in various centers. As the IRI becomes established as a truly multinational center, it will be essential to develop cooperative research endeavors. This role is rather different than the research program established under the TOGA program, where there was little infrastructure in place. At the same time, however, there needs to be a strong role for the researchers to ensure that the program develops rationally, the priorities for research are established, the observing system meets the scientific needs, and the program interacts with the operational activities.
Programmatic aspects
Much of the research on seasonal-to-interannual climate variations will be carried out under the banner of the Global Ocean-Atmosphere-Land System (GOALS) (NAS 1994) , which resides internationally under the CLIVAR program of the WCRP. CLIVAR is the WCRP program on the climate variability and predictability. More information can be found on the CLIVAR World Wide Web site at http://www.dkrz.de/clivar/hp.html.
The scientific objectives of CLIVAR-GOALS are
• To describe and understand seasonal-tointerannual climate variability and predictability through the analysis of observations and modeling of the coupled climate system;
• To improve the accuracy of seasonal-tointerannual climate prediction through programs of coupled modeling of the upper ocean, atmosphere, land, and ice system; and
• To develop and implement appropriate observing, computing, and data archiving and dissemination programs needed to understand seasonal-to-interannual climate variability and to predict variations, in cooperation with other relevant climate research and observing programs.
It is expected that within the CLIVAR framework, many national CLIVAR and GOALS activities will be developed that will contribute to the international program. Of particular interest for the U.S. program, for example, is the assessment of predictability and development of skillful prediction methods over the North American sector, but similar activities pertaining to other regions where research shows there is potential skill will also be encouraged.
Many activities, working groups, and panels have already been set up under CLIVAR, as outlined on the Web site, and it is not the purpose of this paper to enumerate the programmatic aspects. Rather, some comments are offered on the science that needs to be achieved. Because GOALS has an emphasis on prediction and, as such, should take an interest in any slow components of the climate system that give it a memory, the approach should be the following.
1) Sustain and build on the accomplishments of TOGA, especially the TOGA observing system and build on the demonstrated predictability of ENSO. 2) Extend from the Pacific to other parts of the Tropics and, especially, the monsoon systems. The rationale here is to capitalize on the known major heat sources throughout the Tropics that contribute to shaping the global atmospheric circulation. 3) Extend to higher latitudes and capitalize on linkages from lower latitudes outlined in section 3. 4) Include intrinsic low-frequency components from high latitudes such as extratropical SSTs, soil moisture, sea ice, and snow cover along with other atmospheric forcings and feedbacks.
The envisioned sequence is one of transitioning from TOGA to an enhanced TOGA (TOGA plus) and thus to GOALS (Fig. 9) . Given the developing infrastructure and the existing TOGA observing system, such a transition is both necessary and important. The documentation of the ENSO-precipitation relationships (Fig. 3) and the need to predict the rainfall variations necessarily means that GOALS must deal with land-surface processes. Feedbacks from land-surface processes are an important process not adequately addressed in TOGA, but these are high on the agenda for GOALS and GEWEX (Global Energy and Water Cycle Experiment). Links to surface hydrology will need to be explored. Among others, this has moti-vated the recently launched Pan American Climate Studies (PACS) program in the United States to examine warm season precipitation in the Americas and its relationships to SST as well as to the land surface. Collaboration with the GEWEX Continental-Scale International Project (GCIP) will also be important. Expansion into higher latitudes implies that other processes, such as those involved in sea ice and high-latitude oceans, need to be considered. Modulation of the ocean alters marine biology and chemistry, and alters the exchanges of various trace gases across the interface, a topic dealt with by the Joint Global Ocean Flux Study (JGOFS).
The research challenges
The main thrust of this short review has been on the improved understanding gained throughout TOGA of the coupled atmosphere-ocean variations in the tropical Pacific and their linkages to the extratropics. Considerable progress has been made, but much of that progress consisted of unearthing the full complexity of the problem and the difficulties in capitalizing on the predictability that exists. The following is a personal and undoubtedly biased view of some foci for future research and activities that should continue the progress of TOGA. Many scientific questions that should be addressed by GOALS are given in NAS (1994). We begin with some general topics that follow from the gaps in understanding of the processes outlined earlier, and then we discuss the research under the likely elements of the GOALS program ( Fig. 8) : observations, process studies, modeling and prediction, empirical studies, and applications and human dimensions.
a. General topics
The effects of ENSO events are clearly global in extent. But differences among ENSO events in the Tropics are important and can become magnified in the extratropics. It is already apparent that reliable prediction of tropical Pacific SST anomalies can lead to useful skill in forecasting rainfall anomalies in parts of the Tropics, most notably those highlighted in Fig. 3 . Improvements will accrue with more reliable SST predictions and better modeling of the atmospheric response in the Tropics, especially with respect to interactions with the land surface. In the Tropics, the prediction of the atmospheric and oceanic state is a coupled problem, although it may be possible to do this as a twotier process (Bengtsson et al. 1993) . To a certain extent, prediction errors in the tropical SSTs may be corrected by statistical intervention and the AGCM can be reintegrated with corrected SSTs. This will then allow for better determination of the tropical atmospheric forcings, driven by anomalous SSTs.
It is important to extend studies outside the Pacific to other parts of the Tropics and, especially, the monsoon systems and their variations. The latter are important for the multitudes of people that live in regions directly under their influence. However, they may also be important through teleconnections around the rest of the world (see section 6f).
The challenge is much greater in the extratropics. From realization of the complexity of the problem, we now know that several issues must be addressed if the midlatitude response to tropical forcing is to be successfully represented and predicted. sphere, leading to expectations from linear theory for the extratropical response to be controlled by the position and structure of the tropical heat source. On the other hand, changes in the actual anomalous Rossby wave source and Rossby wave propagation are diminished in the Northern Hemisphere owing to the presence of climatological planetary waves and excitation of preferred modes. The second issue is to determine reliably the response of the atmosphere. This involves sorting out the signal from the high level of natural variability that gives rise to noise and properly accounting for feedbacks. Further research into the role of internal sources of wave energy and nonlinearity is needed. Changes in the storm tracks feedback to alter and often reinforce the initial response on average. A second major feedback arises from subsequent changes in extratropical oceans and SSTs, which in turn also influence the evolution of the atmosphere. A third major feedback occurs over land, especially in spring and summer, where changes in storm tracks alter the hydrological cycle, and the distribution of floods and droughts, and thus feedbacks from land where processes such as those embodied in the Bowen ratio (of sensible to latent heating) are altered. Changes in heating over land can also further influence moisture convergence and circulation. All these processes must be understood and encapsulated into models.
b. Observations
As noted above, observations are needed for climate monitoring, analysis, and understanding leading to improved representation of processes in models, and to initialize and verify coupled climate system models.
Important research questions are to establish the science behind monitoring, to address how different measurement systems can be used together, and how we can best use the measurements we have. This topic includes observing system evaluation and establishing the need for observations and the right degree of redundancy to allow for error checking. An important principle for the observing system is that it should not be developed in isolation. The focus should be on fields of variables, independent of the platform used to obtain the actual measurements. Frequently, multiple platforms will be both necessary and desirable. This is especially the case, for example, in utilizing spacebased observations, because ground truth is required and the in situ observations should also be fully exploited. The research program may be asked to address the optimal mix of observations from different platforms as the technology and economics of each changes. As an example, SST analyses should utilize observations from ships of opportunity, drifting buoys, moored buoys, and various satellite instruments, perhaps also with multivariate analysis techniques and 4DDA.
New observing systems will be developed, tested, and possibly transitioned into a more operational framework. Considerable prospects exist for satellite-based remote sensing, including observations of SSTs, atmospheric winds, water vapor, precipitation, aerosol and cloud properties, ocean color, sea level, sea ice, snow cover, and land vegetation. Continuity of consistent calibrated observations from space continues to be an issue for climate monitoring.
There is a need for a much stronger link between those taking the observations and the users of the observations and various derived products. The IRI can potentially play a strong role in better establishing this link. By focusing on fields of variables, there is also implicit a strong link to one or more users, so that a constant evaluation of the quality and utility of the products should be built in. Use of models is an inseparable part of this process because models of some sort are required to translate the disparate individual asynoptic observations into global, or at least regional, fields. More comprehensive land and ocean data assimilation is needed. Moreover, model experiments known as observing system simulation experiments (OSSEs) can provide definitive information on the optimal design and blend of observations.
It is hoped that the research program will have a stable and reliable base of climate observations under the Global Climate Observing System (GCOS), which will include an international framework for dealing with both in situ and space-based observations (Fig. 8) . Of crucial importance for all the research programs is the free and open exchange of data in a timely manner.
c. Process studies
Process studies should refer to any studies of physical, chemical, or biological processes. The more general studies that fall under this banner are usually dealt with under the heading of "empirical studies"; see below. Instead, process studies, as la-beled, are often of limited duration and are designed to focus on a particular physical process or set of processes, or a particular geographical region. Often, but not always, they may involve a field campaign. Because the latter can be very expensive and requires a great deal of organization, it is important to optimize the returns by collaborating with other activities going on. For instance, land-surface processes, although of importance to CLIVAR, will be mainly addressed by GEWEX. GAME (the GEWEX Asian Monsoon Experiment) is one important example. Active collaboration can enhance the returns by providing, for instance, a combined ocean-land-atmosphere perspective. Process studies may include observations, modeling, empirical studies, and data analysis and synthesis, and so may often be regarded as a microcosm of an entire program. PACS is such an example.
d. Modeling and prediction
Modeling has a central role, as noted above, in bridging the gaps between observations, in use for empirical and diagnostic studies (see below), and for simulations and predictions. Models will continue to develop both within and outside the operational agencies to provide a better physical basis for improved predictions.
Modeling activities beyond those already mentioned for assimilating data and observing system evaluation include model development, predictability and sensitivity studies, and prediction. Models are needed that can better simulate the mean annual cycle and interannual variability, and that can be used for predictions. The extratropical anomaly patterns cannot be reliably determined by statistical means since the number of examples is not large enough to stratify the ENSO events into subtypes. Consequently, the best hope for predicting the remote influences of a particular ENSO event is from good models. All of the feedbacks and processes discussed above can, in principle, be modeled. However, most models are deficient in some respects. Trenberth et al. (1997) discuss the criteria for performance of AGCMs if the simulations and/or predictions are to be useful, however, most models do not yet satisfy these demands. Improved models will allow the predictability that does exist to be better exploited. In addition, better theoretical understanding of such issues is needed to enhance our confidence that the level of sensitivity of models also occurs in nature. Comprehensive coupled ocean-atmosphere-land models are needed and implicit is the need for sea ice component modules as well. A hierarchy of models of increasing complexity is needed as well, as it has been the intermediate models that have provided most success in understanding and predicting ENSO. Improvements are needed in land-surface processes and in dealing with the heterogeneity over land, as well as for regional specificity, so that variable resolution or nested models will be employed. As well as physically based models, empirical models will likely play an important role, and secondary models will need to be developed to predict societally relevant quantities. Extensive diagnosis and evaluation of models and the real world together are a key part of developing and testing models.
One activity that has proven very fruitful in highlighting model shortcomings and providing incentives for improvements are model intercomparisons (e.g., Gates 1992) of various sorts. Not only are the models compared under constrained conditions, but modelers are brought together to exchange information and ideas on model developments and applications.
Because predictability depends on both signal and noise, it is important to analyze the dependence of the internal variability on SST forcing. Predictability activities must deal with better definition of the signal and the noise and how they are model dependent. The predictability will be a function of location, time of year, and variable, and may depend on the kind of regime operating at the time. It is fairly well established that it is only when the expected anomalies of SST are large in the Tropics that a reliable forecast can be expected for the extratropics. It will be important to determine the relative importance of various physical processes and develop better parameterizations of them. Predictability of higher-order statistics, such as the number and distribution of storms, the sequences of precipitation, and extremes, will become more important. Research into prediction should be done with real initial conditions and boundary conditions, and a determination made of those aspects most important. Case studies should be carried out. As noted above, AGCMs can be very useful, but it is difficult to separate out the signal from the weather noise, and ensembles must be generated. Moreover, the models are not perfect, so that results concerning predictability are model depen-dent. The use of ensembles to provide estimates of the probability distribution function and thus to provide more useful information to users will be at the frontier of much of this research. Prediction is the ultimate test of the models and our understanding, and it has the biggest payoff.
e. Dataset development
Continued efforts should be made to improve the quality and volume of the historical database. This includes the need for data "archaeology" and support for the development and evaluation of datasets so that they are of known quality. It includes activities that compile, quality control, and analyze the past data already available. Also the data from these efforts must be made "freely" available with charges for only incremental costs.
One important activity begun under an initiative from TOGA was the reanalysis of atmospheric observations (Trenberth 1995) . Previous operational analyses have been optimized to produce the best forecast, rather than the best analysis, and changes in the operational analysis procedures and model used have resulted in nonphysical inhomogeneities in the implied climate record that have limited the utility of the operational global atmospheric analyses for climate purposes. Because the spurious changes disrupt the climate record, a strong case has been made for reanalysis of the observations using a constant state-of-the-art analysis system. Such retrospective analysis raises the prospects for a number of improvements (e.g., Kalnay et al. 1996 ). An important basic concept inherent in reanalysis is that it should not be done just once. Having a system frozen in time means that any bad points or shortcomings are also frozen in time. Therefore, it is expected that reanalysis should become a routine activity that would start over again at regular intervals, perhaps every 5-10 yr, and in this way could take advantage of the latest state-of-the-art system. However, changes in the observational input will still be present; so it is essential for numerical experiments to be carried out to assess their impact. Similarly, reanalysis of historical ocean observations using 4DDA at least regionally in the tropical Pacific, and globally, if feasible, is also desirable.
Many other datasets will also play an increasingly important role, especially those that have been quality controlled and gridded. Some projects are underway in NASA to provide reanalyzed and improved versions of important satellite-based datasets. Regional datasets, such as that developed during the TOGA Coupled Ocean-Atmosphere Response Experiment (COARE) process study, will be very important and have not yet been fully exploited.
f. Empirical studies
Empirical studies include all those studies using observations of the real world. Often models are employed to help diagnose what is going on. Classically, empirical studies often have had the narrower meaning of dealing especially with spatial, temporal, and multivariate relationships and are frequently statistical in nature. Diagnostic studies deal especially with quantitative assessments of mechanisms and budgets of the heat balance, moisture, energy, and momentum, in both the real world and models. Many studies under this category are actually examinations of particular processes.
One class of studies will illuminate the forcings of the atmosphere, their spatial and temporal variability, which forcings are most relevant for seasonal-to-interannual predictability, and why the forcings change. An important hypothesis to be tested is that the major latent heat sources in the Tropics associated with ENSO, tropical SST anomalies, and monsoons are primary candidates for seasonal-to-interannual forcing, but questions about where the heat goes to (heat sinks) are also important, and feedbacks such as from cloud radiative forcings and changes in atmospheric moisture distributions add complexity to the determination of the effective tropical forcing. The role of slowly varying conditions at the surface outside of the Tropics as manifested through SSTs, sea ice, soil moisture, snow cover, and vegetation in determining interannual variations both locally and globally should be determined. Other studies will relate to timescales of anomalies and events, such as ENSO.
Another class will examine the responses of the atmosphere and the oceans to atmospheric forcings, both locally and remote (teleconnections), and the further linkages, such as a remote response in the oceans coming either directly through the ocean currents or via atmospheric teleconnections. There are many questions concerning wave propagation, interactions of quasi-stationary waves with transients, timescales, and what constitutes a basic-state background flow, which can be addressed empirically as well as with modeling studies. Feedbacks, such as through changes in storm tracks, interac-tions with sea ice, and effects of extratropical SSTs, must also be pursued. Any change in atmospheric circulation also changes the distribution of cloudiness, so that cloud radiation forcing can change, and these feedbacks also need to be better understood.
We need to better understand those processes within the ocean that are most important and this may be helped by determination of ocean heat budgets, how heat is moved within the ocean and the surface heat balance, and how these change with time. The role of Kelvin and Rossby waves in the ocean, the reflection of Rossby waves off the western boundary of the tropical Pacific, changes in the throughflow in the Indonesian straits, and the observational evidence for delayed-oscillator type mechanisms are still not fully clear, nor is the role of high-frequency weather and stochastic processes. Coupling of the ocean to the atmosphere depends also on the distribution of cloud and surface cloud radiative forcing, and, in particular, changes in stratus cloud decks can have a big impact on oceanic heat balance.
Another area worthy of special attention is the impacts on the hydrological cycle, especially over land, and the feedbacks to the atmosphere through changes in soil moisture, vegetation, snow cover, and land-surface processes. Changes in moisture availability are not only important for human activities, but alter the energy budget as well.
The development of diagnostic tools for analysis of the atmosphere, ocean, land, and the interface was a vibrant activity in TOGA and will no doubt continue in GOALS.
g. Applications and human dimensions
The above aspects highlight the potential for improved short-term climate forecasts in the extratropics, although with the realization that predictability is somewhat limited, so that a major challenge will be to utilize the uncertain forecast information in the best way possible throughout different sectors of society. Skillful predictions should positively impact the quality of life in many areas, although there must be a nonconflicting means or, for countries, political will to apply the information in order to capitalize on the potential benefits. Conflicts among different users of information, for example, short-term versus long-term interests, can make possibly useful actions the subject of considerable debate, especially when the risk that the forecast may not be correct is factored into a decision.
Many new activities need to be undertaken in order to learn how to use the assessments and forecasts available now and those potentially available in the future, and how to best tailor the information for many users. Thus it is important to assess the implications of seasonal-to-interannual climate variations on human and natural systems that provide an indication of the potential benefits from better understanding. The applications communities (those interested in variations in rainfall and temperature as they affect agriculture and water resources, for example), the social science communities (those interested in understanding impacts on human systems and institutional issues associated with the use of forecast information), and the physical sciences communities have a vested interest in the success of this aspect. Moreover, enhanced communication links and interactions between the research community and the potential users and beneficiaries of the research should be established.
The following provide some examples of the types of human dimensions and applications research questions that can be identified.
The first class of questions falls under the category of determining vulnerability and characterizing impacts. What economic sectors in a given region are most susceptible to seasonal-tointerannual climate variability and therefore what sectors could most benefit from improved forecasts? What are the impacts of ENSO or other modes of seasonal-to-interannual climate variability on crop production, forestry resources, fisheries, ecosystems, water resources, transportation, energy use, and other sectors? For instance, for water resources, what are the implications of seasonal-to-interannual climate variability on flood control and conservation decisions? Or, for crop production, what are the impacts of variations in agricultural productivity on other commodities and trade, and on the national economies of various countries? Another question relates to how societies and social institutions have adapted and otherwise responded to climate variability in the past and what insights can historical experience provide for new forecasting systems? For instance, examples of adaptation include use of improved seeds and more efficient fertilizer use in agriculture, use of insurance to spread risk, and reservoir management for water resources.
The second class of questions concerns characterizing information needs. What type of information would be of most use to society? What information can be provided today and what steps can be taken to address currently unmet requirements? What decision-making frameworks are currently in place and how can they be adjusted to incorporate enhanced forecasts? What is the value of an improved forecast? What is the implication of an incorrect forecast if acted upon? What are the public and decision-maker perceptions of forecasts and their utility? And who can get access to forecasts and when?
The third class of questions might be characterized as developing assessment techniques and expanding communication. How can predictive information be presented in terms most useful for decision makers? In assessing the impact of a climate fluctuation on a particular sector or across sectors, how can historical analogs (of past societal behavior under similar circumstances) be used to support decision making? What assessment options are available in those cases where no historical analogs exist? Given current analysis information and uncertain predictive information, how are decisions best made (decision-making under uncertainty)? How can assessments that incorporate probabilistic forecasts of climate variability be used to adjust resource management decisions? What integrated assessment analyses would be most useful to a given region or sector?
The answers to these questions and responses to them may vary considerably according to whether the user is an individual versus a group or country. An individual who utilizes information may find great benefits if the rest of the community ignores the information, but if the whole community adjusts (e.g., by growing a different crop), then supply and market prices will change, and the strategy for the best yield may differ substantially from the strategy for the best monetary return. On the other hand, the individual may be more prone to small-scale vagaries in weather that are not predictable. Vulnerability of individuals will also vary according to the diversity of the operation, whether there is irrigation available, whether the farmer has insurance, his indebtedness, and prospects for offfarm income.
The need for regional specificity presents a particular challenge. Both the applications communities and the social science communities require regional information that is as detailed as possible. Yet predictability inherently becomes less on smaller scales as the natural variability is larger. Special efforts must be made to enhance regional forecasts where predictability has been demonstrated and techniques developed to characterize the uncertainties.
Concluding remarks
There are many exciting research challenges ahead of us. The transitioning of TOGA into GOALS is underway and constitutes an expansion of horizons. However, it is not just an academic or intellectual exercise. There is a direct benefit and payoff from the research in terms of information available and short-term climate forecasts for the future. Moreover, the observing system, analytical tools, and infrastructure being developed can also be of great benefit for climate variations on decadal to centennial timescales and thus in addressing other compelling questions such as the role of human activities in changing climate. Climate variations occur on a global scale and do not respect national borders, so that their study necessarily involves a partnership among all nations. It is a partnership that we must foster.
